Abstract The pressure distribution in an arcing chamber is critically important for the SF6 puffer circuit breaker design. In this paper, the pressure variation of four locations in the nozzle was measured by piezoresistive and fiber optical pressure sensors at two current levels of 10 kA and 50 kA. An arc voltage measurement was also taken. The results demonstrate that using either type of sensor with a connecting tube is able to detect the fast pressure variation in circuit breakers, however the possible distortion and delay to the pressure transient caused by the tube need further study.
Introduction
The increasing demand for transmitting power from a western remote area to the southern developed regions of China with heavy electricity load drives the growth of the Chinese transmission grids. The high voltage alternating current circuit breaker is an important component of the power system. Most of the experimental research on the SF 6 circuit breaker focused on the three facets. One is the arc voltage, circuit and resistance measurement during the breaking process, especially concerning about current zero and post arc course [1−4] . The second is the dynamic pressure measurement in the cylinder and nozzle, including both no load and high current break [5, 6] . The third is the arc radiation and particle concentration measurement which reflect the evaporation of contact material and its impact on the arcing chamber [7] . Among the measurable parameters associated with the interruption process, pressure exerts an important influence on the flow field and convective effects of the gas. The real pressure changes in the arc chamber can be obtained by pressure measurement, which provides a powerful and proven guidance in the structural design of the cylinder and nozzle [8, 9] . Pressure measurement in the puffer cylinder is commonly made with the transducer directly fitted on the piston or cylinder wall. The results are reasonably accurate [10−12] . On the other hand, pressure measurement at the nozzle throat proves a rather challenging task when a high current arc appears in the nozzle. The transducer has to be protected from strong arc radiation and heating through a bent hole or the use of a connecting tube. However, this approach often introduces distortion to the pressure variation. A piezoresistive pressure sensor is used in a wide range of applications for its excellent dynamic response, repeatability and measurement range [13, 14] . It is also small in size. The fiber optical pressure sensor is free from electromagnetic interference but is relatively large in size restricting its application. Piezoresistive transducers may be longer than the fiber optical transducers with a similar radial size but have much lower cost than the latter.
Based on the preliminary research results, we compared the difference between the piezoresistive and fiber optical pressure sensors. In addition, we tried to fill the PTFE granules in the tube to suppress the distortion of the pressure wave and add shielding to the hot gas environment. This research and the measurements are beneficial to aid our understanding of the interruption process and verify the computer simulation results. It is also of great significance in breaker optimization design and arc theoretical research. In the present work the pressure measurement has been made using the piezoresistive sensors and fiber optical pressure (FOP) sensors on a 252 kV puffer circuit breaker at current levels of 10 kA and 50 kA. The results were analyzed and experimental uncertainties were discussed.
The pressure measurement method
In the pressure measurement, a certain kind of 252 puffer circuit breaker made by the Pinggao Group Co., Ltd was chosen as a typical arc chamber. Its rated current is 4000 A and opening speed is 10 m/s. The pressure sensor was required to meet the following characteristics: fast frequency response, withstanding mechanical shock, high temperature isolation, high voltage isolation and protection, and anti-electromagnetic interference.
Endevco piezoresistive pressure sensors (model 8530B-500) were used to satisfy the above properties. The maximum measurable pressure is 34.5 bar with a sensitivity of 10.4 mV/bar. Their dynamic response is 750 kHz, sufficiently high to detect the pressure transient in the arcing chamber. Two fiber optical pressure sensors were also used for performance assessment of the measurement system. The measuring range of FOP is 0-70 bar. It is well known that the use of a tube to isolate the pressure transducer from a hostile environment introduces distortion to the pressure wave. To combat this problem, PTFE granules were filled in the tube with the intention to suppress any oscillation excited in the tube and add shielding to the hot gas environment in the presence of an arc. The inner diameter of the tubes is 4 mm. For piezoresistive pressure sensors, the lengths of the tubes are 47 mm, 87 mm, and 150 mm, respectively, for the Upstream, Throat and Downstream measurement points. For FOP sensors, the lengths of tubes are both 47 mm. The overall arrangement of the sensors is given in Fig. 1 . The short circuit current of 10 kA and 50 kA in the measurement was provided by an oscillation circuit shown as Fig. 2 . The test system composition diagram is shown in Fig. 3 . The travel of the contact for the 10 kA case is given in Fig. 4 . The pressures resulting from the piezoresistive and FOP transducers at the Upstream and Throat locations are given in Fig. 5 . The two sensors produce similar profiles but differ in details. The FOP transducer is able to capture the fast changing pressure ripples (curve 2), some of which also appear in the output of the piezoresistive transducer. The agreement between the two transducers is within 10% of the absolute pressure at the Upstream location. The use of the connecting tube introduces a theoretical delay of a fraction of a millisecond to both transducers assuming that the SF 6 gas is at room temperature. The pressure change at the Throat leads to differing output from the two transducers. The FOP captures more pressure fluctuations and also a larger pressure drop at 57 ms than the piezoresistive transducer (curve 1). The pressure variation at the intended measurement points is closely associated with the geometry of the chamber, the position of the solid contact tip and the current waveform during the arcing process. The pressure difference between the cylinder and the nozzle throat determines how strong the arc cooling gas flow would be, meanwhile considering the temperature of the gas. The pressure measurement results at four locations are demonstrated in Fig. 6 . It manifests that for the 10 kA case the pressure in the cylinder is not significantly affected by the presence of the arc. This is because the arc current is relatively low and the arc duration is minimal (10 ms only). The pressure variation for the Upstream point follows closely that in the cylinder but is slightly modified by the presence of the arc (curve 2 in Fig. 6 ). The pressure for the Throat point (curve 1 in Fig. 6 ) becomes slightly lower than the filling pressure in the first 15 ms from contact motion. There are two reasons for this. In the first place, when the gas starts to flow from the compression cylinder into the unblocked hollow contact, there is an associated pressure drop (∆P1, 0.15 p.u.) between the cylinder and the upstream point with a large effective flow area. Secondly, there is a small gap between the solid contact and the inner surface of the nozzle throat and gas flow is developed through it as long as the solid contact stays in the nozzle throat section. Associated with this gas flow there is substantial pressure drop (P2, 0.4 p.u.). The measured pressure corresponding to the Throat point starts to increases rapidly at 32 ms only when the solid contact tip moves closer to the Throat point, rendering P2 negligible. Thus the pressure difference between the cylinder and the nozzle throat is only due to P1, which is more significant in comparison with P2 at the early stage (<32 ms). The sudden collapse of the pressure in the nozzle is a result of the clearing of the main nozzle by the solid contact and the development of high speed gas flow in the nozzle throat. At 40 ms, the pressure in the cylinder approaches its maximum and the pressure in the nozzle throat maintains a relatively stable value for 8 ms. The pressure drop starting at 48 ms is a combined effect of the pressure drop in the cylinder and the inertia associated with the whole flow field. The flow effectively stops at 64 ms when the pressure distribution in the arcing chamber restores its uniformity.
In the 10 kA case, the variations of arc voltage and current are shown in Fig. 7 . The current is a half wave because the arcing time is relatively shorter and the arc extinguishes at the first current zero point. The arc voltage of this half cycle current continuously increases to about 400 V immediately before the current zero. 
50 kA case
The arc voltage and current measurement for the 50 kA case is shown in Fig. 8 . The current is a full sine wave because the arcing time is relatively longer and the arc extinguishes at the second current zero point. In the first 6 ms, the increase in the voltage is most related to the motion of the solid contact. The voltage variation in the second half loop is influenced by the In the 50 kA case, as shown in Fig. 9 and Fig. 10 , the pressure variations behave differently from those in the 10 kA case. There is strong, concurrent pressure oscillation in the cylinder (no tube used) and at the Upstream point (a 47 mm long tube is used), implying that the high current arc plays a dominant role in generating the pressure oscillation which has a frequency of 400-800 Hz (Fig. 9 ). This oscillation also exists at the Throat point. The pressure cycle in the cylinder is apparently much longer than that of the arcing current.
For the 10 kA case, the pressure drop to the filling pressure is 48 ms from the start of the contact movement. This time is increased to 56 ms for the 50 kA case. The peak pressure in the cylinder increases from 2.5 p.u. to 3.5 p.u. The peak pressure in the nozzle throat also increases from 1.5 p.u. to 3 p.u. The maximum pressure differential between the nozzle throat and the nozzle upstream in 50 kA case is 0.7 p.u., which is less than in the 10 kA case (1.0 p.u.). A careful comparison of the pressure output from the piezoresistive and FOP transducers for the 50 kA case show that with the same length of 47 mm both captures the transient pressure but the FOP detects a larger amplitude of pressure pulses. The piezoresistive transducer using a tube length of 87 mm for the Throat point has a further delay of a small fraction of a millisecond in its output than the FOP transducer using a length of 47 mm. More importantly, the use of the longer tube leads to more significant attenuation of the transient pressure to be detected.
Conclusion
Both piezoresistive and fiber optical pressure sensors are able to detect the fast pressure variation in circuit breakers, and the latter provides a more dynamic response. The pressure shock at the Throat and Upstream of the nozzle in the 50 kA case is relatively more severe than in the 10 kA case, but their trend is almost the same. The maximum pressure is detected at the cylinder in several monitoring points, with the value of 2.5 p.u. in the 10 kA case and 3.5 p.u. in the 50 kA case. The use of a connecting tube filled with PTFE granules between a pressure measurement point and the transducer is necessary for pressure measurement in an arcing environment but it leads to attenuation of the pressure transient. To make the results more useful, it is necessary to study the response of the tube in a more systematic manner in terms of the possible distortion and delay to the pressure transient.
